Abstract: Abscisic acid (ABA) plays an important role in the regulation of plant adaptation, seed germination, and root development in plants. However, the mechanism of ABA regulation of root development is still poorly understood, especially through the miRNA-mediated pathway. Here, small RNA (sRNA)-seq and degradome-seq were used to analyze the miRNAs' responsive to ABA in the stems and roots of P. euphratica, a model tree species for abiotic stress-resistance research. In total, 255 unique mature sequences, containing 154 known miRNAs and 101 novel miRNAs were identified, among which 33 miRNAs and 54 miRNAs were responsive to ABA in the roots and stems, respectively. Furthermore, the analysis of these miRNAs and their targets revealed a new hormone signaling crosstalk model of ABA regulation of root growth through miRNA-mediated pathways, such as peu-miR-n68 mediation of the crosstalk between ABA and the brassinosteroid (BR) signaling pathway and peu-miR477b mediation of the crosstalk between ABA and Gibberellic acid (GA) signaling. Taken together, our genome-wide analysis of the miRNAs provides a new insight into the mechanism of ABA regulation of root growth in Populus.
Introduction
Abscisic acid (ABA) plays a pivotal role in plant responses to biotic and abiotic stresses, such as pathogens, salinity, wounding, and water shortage [1] . As one of the most important phytohormones, the mechanisms of ABA signaling have been studied extensively for decades. Typically, ABA levels chang under different conditions and are modulated by the balance between ABA catabolism and biosynthesis [2] , with 9-cis-epoxycarotenoid dioxygenase 3 (NCED3) being a vital enzyme for ABA biosynthesis [3] and ABA 8 -hydroxylases (encoded by a cytochrome P450 gene, CYP707A) being a key enzyme in ABA catabolism [4] . Furthermore, an overwhelming number of studies regarding ABA signaling components that regulate seed germination and stomata have been completed [5, 6] . The most remarkable development of the ABA signaling pathway is the discovery of the ABA receptor, PYR/PYL/RCAR, which functions at the apex of a negative regulatory pathway that controls ABA signaling by inhibiting type 2C protein phosphatases (PP2Cs) [7, 8] . Especially, ABA perception by 
Results

Overview of Small RNAs (sRNAs) Responsive to ABA in the Roots and Stems of P. euphratica
To systematically identify the responsive of miRNAs to ABA in the roots and stems of P. euphratica, eighteen sRNA libraries from stems (S) and root (R) of control (C), short-term (S), and long-term (L) ABA treatment, named CSs, SSs, LSs, CRs, SRs, and LRs, with three replicates were constructed from P. euphratica plants, with or without treatment with ABA solutions, and 10-17 million raw reads were acquired through high-throughput sequencing. After processing and filtering, the contaminant sequences with poor-quality reads and adaptor sequences, a total of more than 92% of the sequencing reads, remained. These clean sequencing reads were then mapped to the genome of P. euphratica, and the results indicated that in half of the libraries, more than 50% of the total sRNAs matched the genome of P. euphratica [40] , as shown in Table 1 . CS: control groups of stems without abscisic acid (ABA) treatment. SS: stems collected one day after ABA treatment were defined as the short-term ABA treatment. LS: stems collected four days after ABA treatment were defined as the long-term ABA treatment (LS). CR: the control groups of roots without ABA treatment. SR: roots collected one day after ABA treatment were defined as the short-term ABA treatment. LR: roots collected four days after ABA treatment were defined as the long-term ABA treatment. The numbers, of 1-3 mean three replicates. 
Known miRNAs in P. euphratica Roots and Stems
Firstly, different types of sRNAs were identified in P. euphratica roots and stems, including miRNA, novel RNA, repeat-associated RNA, rRNA, snRNA, nat-sRNA, snoRNA, exons, intron, trans-acting sRNA, and other sequences, with the highest proportion of sRNAs located in the exons (Table S2) . Here, 154 unique mature sequences, belonging to 71 known miRNA families, were identified in at least one of eighteen libraries (Tables S3 and S4 ). Among them, 98 unique miRNAs, belonging to 28 miRNA families, were conserved, and the other 56 miRNAs, belonging to 43 families, were poplar specific, with the exception of miRNA1446 found in Gossypium raimondii and miRNA475 found in Medicago truncatula. Compared to the leaf libraries of P. euphratica in the previous study [39] , 11 more known miRNAs were found specifically in the roots and stems (Table 2) . While 134 of the 162 known miRNAs are shared among the leaves, stems and roots, some known miRNAs showed tissue specificity (Figure 2A ). There were 137 known miRNAs expressed in both the roots and stems. While there were 12 miRNAs (i.e., peu-miR169l, peu-miR394-3p, peu-miR6450, peu-miR399f, peumiR6435, peu-miR169m, peu-miR6425-3p, peu-miR6440, peu-miR159d, peu-miR7834, peu-miR169j and peu-miR478b) detected in the stems, but not in roots, the last six miRNAs were also detected in the leaves. Five miRNAs (i.e., peu-miR399e, peu-miR399d, peu-miR6431, peu-miR6469, and peumiR482c-5p) were only detected in the roots and not in the stems, among which three miRNAs (i.e., peu-miR6431, peu-miR6469, and peu-miR482c-5p) were also detected in the leaves. In addition, eight miRNAs (i.e., peu-miR481a, peu-miR7819, peu-miR172d, peu-miR474, peu-miR7826, peu-miR7823, peu-miR6456, and peu-miR7816) were detected in the leaves only. Table 2 . Known miRNA specially detected in the stems and roots of P. euphratica (not in leaves).
miRNA
Sequence (5′-3′) LM (nt) Reference miRNA Family peu-miR169l  AAGCCAAGGAUGACUUGCCUG  21  ptc-miR169o  peu-miR169m  UAGCCAAGGAUGACUUGCUCG  21  ptc-miR169x  MIR169_1  peu-miR171f  GGAUUGAGCCGCGCCAAUAUC  21  ptc-miR171k  MIR171_1  peu-miR394-3p  CUGUUGGUCUCUCUUUGUAA  20  ptc-miR394a-5p  MIR394  peu-miR399d  UGCCAAAGGAGAUUUGCCCCG  21 ptc-miR399a MIR399 
Known miRNAs in P. euphratica Roots and Stems
Firstly, different types of sRNAs were identified in P. euphratica roots and stems, including miRNA, novel RNA, repeat-associated RNA, rRNA, snRNA, nat-sRNA, snoRNA, exons, intron, trans-acting sRNA, and other sequences, with the highest proportion of sRNAs located in the exons (Table S2) . Here, 154 unique mature sequences, belonging to 71 known miRNA families, were identified in at least one of eighteen libraries (Tables S3 and S4 ). Among them, 98 unique miRNAs, belonging to 28 miRNA families, were conserved, and the other 56 miRNAs, belonging to 43 families, were poplar specific, with the exception of miRNA1446 found in Gossypium raimondii and miRNA475 found in Medicago truncatula. Compared to the leaf libraries of P. euphratica in the previous study [39] , 11 more known miRNAs were found specifically in the roots and stems (Table 2) . While 134 of the 162 known miRNAs are shared among the leaves, stems and roots, some known miRNAs showed tissue specificity ( Figure 2A ). There were 137 known miRNAs expressed in both the roots and stems. While there were 12 miRNAs (i.e., peu-miR169l, peu-miR394-3p, peu-miR6450, peu-miR399f, peu-miR6435, peu-miR169m, peu-miR6425-3p, peu-miR6440, peu-miR159d, peu-miR7834, peu-miR169j and peu-miR478b) detected in the stems, but not in roots, the last six miRNAs were also detected in the leaves. Five miRNAs (i.e., peu-miR399e, peu-miR399d, peu-miR6431, peu-miR6469, and peu-miR482c-5p) were only detected in the roots and not in the stems, among which three miRNAs (i.e., peu-miR6431, peu-miR6469, and peu-miR482c-5p) were also detected in the leaves. In addition, eight miRNAs (i.e., peu-miR481a, peu-miR7819, peu-miR172d, peu-miR474, peu-miR7826, peu-miR7823, peu-miR6456, and peu-miR7816) were detected in the leaves only. AAGCCAAGGAUGACUUGCCUG  21  ptc-miR169o  peu-miR169m  UAGCCAAGGAUGACUUGCUCG  21  ptc-miR169x  MIR169_1  peu-miR171f  GGAUUGAGCCGCGCCAAUAUC  21  ptc-miR171k  MIR171_1  peu-miR394-3p CUGUUGGUCUCUCUUUGUAA  20  ptc-miR394a-5p  MIR394  peu-miR399d  UGCCAAAGGAGAUUUGCCCCG  21  ptc-miR399a  MIR399  peu-miR399e  UGCCAAAGAAGAUUUGCCCCG  21  ptc-miR399d  MIR399  peu-miR399f  UGCCAAAGGAGAGUUGCCCUA  21  ptc-miR399i  MIR399  peu-miR477c  GGAAACCUUUUGUGGGGGUUUG  22  ptc-miR477c  MIR477  peu-miR6435  UGAAUAAUGGAGACACUCUAG  21  ptc-miR6435  peu-miR6450  CGAACACAGGACUCAAGGCUA  21 ptc-miR6450b peu-miR6472 UAGUGAAUUCUAGGUCUCAAUC 22 ptc-miR6472
LM: length of mature miRNA.
Novel miRNAs in P. euphratica Roots and Stems
After identifying known miRNAs, the novel miRNAs were identified according to the criteria of miREvo and miRdeep2. In total, 101 novel miRNAs were identified, and 59 out of the 101 novel miRNAs contained the complementary miRNA* sequences (Table S5 ). The length, negative minimal folding free energies (MFE) values, minimal folding free energies index (MFEI) values, hairpin structure and the first nucleotide bias of novel miRNAs were counted. The lengths of mature novel miRNAs and their pre-miRNA sequences were 18 to 24 nt and 38 to 292 nt, respectively. The negative MFE values varied from −127.0 to −8.8 kcal/mol, with an average value of -49.4366, which was less than those of the rRNA (-33 kcal/mol) and tRNA (-27.5 kcal/mol). MFEI values ranged from 0.63 to 2.93; the average value was 1.108, higher than that of the tRNA (0.64) and rRNA (0.59) [47] . A total of 48.5% of the first nucleotide bias tendency was U in novel miRNAs. This result agrees with the proposal that AGO1 harbors miRNAs that preference a 5 terminal U. In addition, all data indicates that these novel pre-miRNAs have a high hairpin structure stability (Table S5) .
Furthermore, 87 of the 101 novel miRNAs were shared in roots, stems, and leaves ( Figure 2B , Table S5 ). Similar to known miRNAs, some novel miRNAs also showed tissue specificity, with seven novel miRNAs specific to stems and roots (Table 3 ) and some others found in leaves [39] . Five novel miRNAs (i.e., miR-n22, miR-n49, miR-n51, miR-n55, miR-n70) were detected in both stems and leaves, but not in roots. Two novel miRNAs (i.e., miR-n17, miR-n56) were identified in the roots and leaves, and miR-n99 was identified in roots only. LM: length of mature miRNA.
After identifying known miRNAs, the novel miRNAs were identified according to the criteria of miREvo and miRdeep2. In total, 101 novel miRNAs were identified, and 59 out of the 101 novel miRNAs contained the complementary miRNA* sequences (Table S5 ). The length, negative minimal folding free energies (MFE) values, minimal folding free energies index (MFEI) values, hairpin structure and the first nucleotide bias of novel miRNAs were counted. The lengths of mature novel miRNAs and their pre-miRNA sequences were 18 to 24 nt and 38 to 292 nt, respectively. The negative MFE values varied from −127.0 to −8.8 kcal/mol, with an average value of -49.4366, which was less than those of the rRNA (-33 kcal/mol) and tRNA (-27.5 kcal/mol). MFEI values ranged from 0.63 to 2.93; the average value was 1.108, higher than that of the tRNA (0.64) and rRNA (0.59) [47] . A total of 48.5% of the first nucleotide bias tendency was U in novel miRNAs. This result agrees with the proposal that AGO1 harbors miRNAs that preference a 5′ terminal U. In addition, all data indicates that these novel pre-miRNAs have a high hairpin structure stability (Table S5) .
Furthermore, 87 of the 101 novel miRNAs were shared in roots, stems, and leaves ( Figure 2B , Table S5 ). Similar to known miRNAs, some novel miRNAs also showed tissue specificity, with seven novel miRNAs specific to stems and roots (Table 3 ) and some others found in leaves [39] . Five novel miRNAs (i.e., miR-n22, miR-n49, miR-n51, miR-n55, miR-n70) were detected in both stems and leaves, but not in roots. Two novel miRNAs (i.e., miR-n17, miR-n56) were identified in the roots and leaves, and miR-n99 was identified in roots only. 
Differential miRNA Analysis between the Leaf, Root, and Stem of P. euphratica
The analysis of known and novel miRNAs showed that miRNAs exhibited a differential pattern in different tissues. Thus, different miRNAs from the leaf, root, and stem of P. euphratica were further analyzed. A total of 191 miRNAs, including 109 known miRNAs and 82 novel miRNAs, showed differential expression between the leaf, root, and stem of P. euphratica ( Figure 3 , Table S6 ).
In the control libraries of CL, CS, and CR, there were 83 known miRNAs and 52 novel miRNAs differentially expressed between the different tissues of P. euphratica (CS vs. CL, CR vs. CL, CR vs. CS). When compared with leaves, there were 103 miRNAs altered significantly in the stems, among which 53 miRNAs were downregulated, while 50 miRNAs were upregulated (CS vs. CL). In comparison with leaf tissue, there were 99 miRNAs significantly changed in the roots, with 49 miRNAs downregulated and 50 miRNAs upregulated (CR vs. CL). In addition, there were 65 miRNAs significantly altered, including 33 miRNAs downregulated and 32 miRNAs upregulated in the roots in comparison with stems (CR vs. CS) ( Figure 3A ,D and Figure S1 , Table S6 ). 
In the control libraries of CL, CS, and CR, there were 83 known miRNAs and 52 novel miRNAs differentially expressed between the different tissues of P. euphratica (CS vs. CL, CR vs. CL, CR vs. CS). When compared with leaves, there were 103 miRNAs altered significantly in the stems, among which 53 miRNAs were downregulated, while 50 miRNAs were upregulated (CS vs. CL). In comparison with leaf tissue, there were 99 miRNAs significantly changed in the roots, with 49 miRNAs downregulated and 50 miRNAs upregulated (CR vs. CL). In addition, there were 65 miRNAs significantly altered, including 33 miRNAs downregulated and 32 miRNAs upregulated in the roots in comparison with stems (CR vs. CS) (Figures 3A,D and S1, Table S6 ).
In one-day treatment libraries of SL, SS, and SR, there were 77 known miRNAs and 65 novel miRNAs differentially expressed between the different tissues of P. euphratica (SS vs. SL, SR vs. SL, SR vs. SS). When compared with leaves, there were 105 miRNAs altered significantly in the stems, among which 55 miRNAs were downregulated, while 50 miRNAs were upregulated (SS vs. SL). In comparison with leaf tissue, there were 104 miRNAs significantly changed in the roots, with 51 miRNAs downregulated and 53 miRNAs upregulated (SR vs. SL). In addition, there were 43 miRNAs significantly changed, including 21 miRNAs downregulated and 22 miRNAs upregulated in the roots in comparison with stems (SR vs. SS) (Figures 3B,D and S1, Table S6 ). In one-day treatment libraries of SL, SS, and SR, there were 77 known miRNAs and 65 novel miRNAs differentially expressed between the different tissues of P. euphratica (SS vs. SL, SR vs. SL, SR vs. SS). When compared with leaves, there were 105 miRNAs altered significantly in the stems, among which 55 miRNAs were downregulated, while 50 miRNAs were upregulated (SS vs. SL). In comparison with leaf tissue, there were 104 miRNAs significantly changed in the roots, with 51 miRNAs downregulated and 53 miRNAs upregulated (SR vs. SL). In addition, there were 43 miRNAs significantly changed, including 21 miRNAs downregulated and 22 miRNAs upregulated in the roots in comparison with stems (SR vs. SS) ( Figure 3B ,D and Figure S1 , Table S6 ).
In the four-day treatment libraries of LL, LS, and LR, there were 76 known miRNAs and 51 novel miRNAs significantly differentially expressed between the different tissues of P. euphratica (LS vs. LL, LR vs. LL, LR vs. LS). When compared with leaves, there were 107 miRNAs altered significantly in the stems, among which 49 miRNAs were downregulated, while 48 miRNAs were upregulated (LS vs. LL). In comparison with leaf tissue, there were 108 miRNAs significantly changed in the roots, with 54 miRNAs downregulated and 54 miRNAs upregulated (LR vs. LL). In addition, there were 45 miRNAs significantly changed, including 22 miRNAs downregulated and 23 miRNAs upregulated in the roots relative to the stems (LR vs. LS) ( Figure 3C ,D and Figure S1 , Table S6 ).
Differentially Expressed miRNAs in Response to ABA in the Roots and Stems of P. euphratica
Fifty-four miRNAs containing 32 known miRNAs and 22 novel miRNAs showed up-or downregulated expression in the stems in response to ABA treatment ( Figures 4A and 5) . Specifically, 39 miRNAs, including 23 upregulated and 16 downregulated, showed an altered expression pattern in the stems after one day of ABA treatment (SS vs. CS). Twenty-five miRNAs were upregulated (15 miRNAs) or downregulated (10 miRNAs) by a four-day ABA treatment (LS vs. CS). In addition, when compared with one-day ABA treatment, there were 13 miRNAs that responded to ABA with six upregulated and seven downregulated after a four-day ABA treatment (LS vs. SS) ( Figure 4B ). In general, with an increase in the time of ABA treatment, the proportion of upregulated miRNAs was higher than that of downregulated miRNAs in the stems. In the four-day treatment libraries of LL, LS, and LR, there were 76 known miRNAs and 51 novel miRNAs significantly differentially expressed between the different tissues of P. euphratica (LS vs. LL, LR vs. LL, LR vs. LS). When compared with leaves, there were 107 miRNAs altered significantly in the stems, among which 49 miRNAs were downregulated, while 48 miRNAs were upregulated (LS vs. LL). In comparison with leaf tissue, there were 108 miRNAs significantly changed in the roots, with 54 miRNAs downregulated and 54 miRNAs upregulated (LR vs. LL). In addition, there were 45 miRNAs significantly changed, including 22 miRNAs downregulated and 23 miRNAs upregulated in the roots relative to the stems (LR vs. LS) (Figures 3C,D and S1, Table S6 ).
Fifty-four miRNAs containing 32 known miRNAs and 22 novel miRNAs showed up-or downregulated expression in the stems in response to ABA treatment ( Figures 4A and 5) . Specifically, 39 miRNAs, including 23 upregulated and 16 downregulated, showed an altered expression pattern in the stems after one day of ABA treatment (SS vs. CS). Twenty-five miRNAs were upregulated (15 miRNAs) or downregulated (10 miRNAs) by a four-day ABA treatment (LS vs. CS). In addition, when compared with one-day ABA treatment, there were 13 miRNAs that responded to ABA with six upregulated and seven downregulated after a four-day ABA treatment (LS vs. SS) ( Figure 4B ). In general, with an increase in the time of ABA treatment, the proportion of upregulated miRNAs was higher than that of downregulated miRNAs in the stems. Similarly, the differential expression of miRNAs under ABA treatment in the roots was analyzed. A total of 33 miRNAs, including 17 known miRNAs and 16 novel miRNAs, showed altered expression in the roots in response to ABA treatment ( Figures 6A and 7) . Specifically, 15 miRNAs in the roots were upregulated (five miRNAs) or downregulated (ten miRNAs) after one day of ABA treatment (SR vs. CR). Nine miRNAs were upregulated (two miRNAs) or downregulated (seven miRNAs) after four days of ABA treatment (LR vs. CR). When compared with one-day ABA treatment, 15 miRNAs were upregulated (eight miRNAs) or downregulated (seven miRNAs) by the four-day ABA treatment (LR vs. SR) ( Figure 6B ). Generally, with an increase in the time of ABA treatment, the proportion of downregulated miRNAs was higher than that of upregulated miRNAs in the roots, in contrast to the results obtained from stems, described above. Similarly, the differential expression of miRNAs under ABA treatment in the roots was analyzed. A total of 33 miRNAs, including 17 known miRNAs and 16 novel miRNAs, showed altered expression in the roots in response to ABA treatment ( Figures 6A and 7) . Specifically, 15 miRNAs in the roots were upregulated (five miRNAs) or downregulated (ten miRNAs) after one day of ABA treatment (SR vs. CR). Nine miRNAs were upregulated (two miRNAs) or downregulated (seven miRNAs) after four days of ABA treatment (LR vs. CR). When compared with one-day ABA treatment, 15 miRNAs were upregulated (eight miRNAs) or downregulated (seven miRNAs) by the four-day ABA treatment (LR vs. SR) ( Figure 6B ). Generally, with an increase in the time of ABA treatment, the proportion of downregulated miRNAs was higher than that of upregulated miRNAs in the roots, in contrast to the results obtained from stems, described above. 
Validation of miRNAs by RT-qPCR
To confirm the results of the significant differentially expressed miRNAs through highthroughput sequencing in the roots and stems, real-time qPCR analysis with three technical and three biological replicates was utilized, and six significant differentially expressed miRNAs-three novel miRNAs and three conserved miRNAs-were randomly selected for each comparison of SS/CS, LS/CS, LS/SS, SR/CR, LR/CR, and LR/SR. The results of all these miRNAs confirmed by RT-qPCR were consistent with the high-throughput sequencing analyses (Figure 8 ). This demonstrated that the results of the high-throughput sequencing were highly reliable. 
To confirm the results of the significant differentially expressed miRNAs through high-throughput sequencing in the roots and stems, real-time qPCR analysis with three technical and three biological replicates was utilized, and six significant differentially expressed miRNAs-three novel miRNAs and three conserved miRNAs-were randomly selected for each comparison of SS/CS, LS/CS, LS/SS, SR/CR, LR/CR, and LR/SR. The results of all these miRNAs confirmed by RT-qPCR were consistent with the high-throughput sequencing analyses (Figure 8 ). This demonstrated that the results of the high-throughput sequencing were highly reliable. 
The Prediction and Validation of miRNA Target Genes in P. euphratica
To better understand the regulatory mechanisms involved in the response of miRNAs to ABA, prediction and identification of their target genes was an important step. Firstly, a total of 3970 target genes were predicted for miRNAs with Targetfinder (Table S7) . Then, degradome sequencing was conducted, and more than 15 million sequences were obtained. More than 99% of these raw reads could be mapped to the genome of P. euphratica. After processing and filtering the adaptor, contaminant, and repeat sequences, more than 6 million sequences of unique reads remained. Over 60% of these unique sequences were then matched to the genome of P. euphratica perfectly (Table 4) . A total of 447 target genes were obtained by degradome sequencing (Table S8) . Furthermore, CleaveLand was used to verify cleaved small RNA targets from degradome sequencing [48] , and 447 miRNA-targeted transcript pairs, which were targeted by 125 miRNAs, were confirmed by degradome sequencing, among which 32 novel miRNAs were targeted at 133 genes, and 83 known 
To better understand the regulatory mechanisms involved in the response of miRNAs to ABA, prediction and identification of their target genes was an important step. Firstly, a total of 3970 target genes were predicted for miRNAs with Targetfinder (Table S7) . Then, degradome sequencing was conducted, and more than 15 million sequences were obtained. More than 99% of these raw reads could be mapped to the genome of P. euphratica. After processing and filtering the adaptor, contaminant, and repeat sequences, more than 6 million sequences of unique reads remained. Over 60% of these unique sequences were then matched to the genome of P. euphratica perfectly (Table 4) . A total of 447 target genes were obtained by degradome sequencing (Table S8) . Furthermore, CleaveLand was used to verify cleaved small RNA targets from degradome sequencing [48] , and 447 miRNA-targeted transcript pairs, which were targeted by 125 miRNAs, were confirmed by degradome sequencing, among which 32 novel miRNAs were targeted at 133 genes, and 83 known miRNAs were targeted at 314 genes. Then the target transcripts were pooled and categorized into five categories based on the relative abundance of target gene reads. This showed that 139, 23, 132, 9, and 144 target genes were classified as being part of categories 1 to 5, respectively (Tables S8 and S9 ). Furthermore, the target genes of ABA responsive miRNAs in the root were deeply analyzed. peu-miRNA477a-5p, targeted at RGL1, is involved in the GA signaling pathway [49] . peu-miR390, targeted at cytosolic NADP+-dependent isocitrate dehydrogenase, it appears to contribute to NADPH production under oxidative stress, thereby participating in redox signalling linked to defense responses [50, 51] . peu-miR-n68, targeted at BAK1 (BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1-RELATED), is involved in the brassinosteroid (BR) signaling pathway [52] . peu-miRNA395a, targeted at APS1 (adenosine 5 -phosphosulfate) [27] , and peu-miRNA398, targeted at CSD (copper/zinc superoxide dismutase) [28] , are involved in nutrition metabolism. peu-miRNA394-5p, targeted at FBX6 (F-box protein), peu-miRNA530b, targeted at SAP1 (stress-associated protein 1), and peu-miRNA408-3p [53] and peu-miRNA398 [54] are all involved in abiotic stresses. These results indicated that ABA responsive miRNAs also interact with other physiology pathways.
In order to validate the effectiveness of our bioinformatics pipeline, the expression levels of predicted targets were measured by RT-qPCR to study whether the predicted target genes were actually regulated by corresponding miRNAs. Nine miRNAs and their predicted target genes were randomly selected. It can be observed that peu-miR-n30, peu-miR-n77, and peu-miR408-3p were upregulated with ABA for one day and downregulated for four days, and their target genes were all downregulated with ABA for one day and upregulated for four days. peu-miR390-5p, peu-miR394-5p, and peu-miR477b were downregulated with ABA treatment, and their target genes were all upregulated. peu-miR-n68 and peu-miR530b were downregulated with ABA treatment for one day and upregulated for four days, and their target genes were upregulated with ABA treatment for one day and downregulated for four days. Thus, the expression patterns of miRNAs using RT-qPCR are similar to the genome-wide analysis, and the expression profiles of miRNAs and their target genes were complementary (Figure 9 ). (Potri.004G211300); (B) the relative expression of miR-n68 with the predicted target CCG007861.1 (Potri.009G090700); (C) the relative expression of miR-n77 with the predicted targets CCG005850.1 (Potri.005G225600) and CCG005824.1 (Potri.005G171700); (D) the relative expression of miR390-5p with the predicted target CCG032751.1 (Potri.010G176000); (E) the relative expression of miR394-5p with the predicted targets CCG020711.1 (Potri.001G057100) and CCG031525.1 (Potri.003G171300); (F) The relative expression of miR395a with the predicted targets CCG011548.1 (Potri.008G159000), CCG020136.1 (Potri.012G001400) and CCG023238.1 (Potri.007G108900); (G) the relative expression of miR408-3p with the predicted targets CCG014118.1 (Potri.002G188000) and CCG020058.1 (Potri.014G049600); (H) the relative expression of miR477b with the predicted targets CCG012541.1 (Potri.012G093900) and CCG030622.1 (Potri.015G091200); and (I) the relative expression of miR530b with the predicted targets miR530b CCG010807.1 (Potri.014G099700) and CCG024399.1 (Potri.010G076700).
Discussion
Small RNAs, including miRNAs, are key regulators in different biological processes, such as plant growth, development, metabolic pathways, biotic stress, and abiotic stress [55] . It is well documented that miRNAs orchestrate different abiotic stress responses, including drought [36] , cold [38] , salt [37] , and ABA [39] in poplar trees by high-throughput sequencing. ABA, as a stress response phytohormone, plays a vital role in the regulation of abiotic stresses, and much of the abiotic stresses can be mimicked by external application of ABA [56, 57] . In addition, ABA can not only be synthesized in the root [10] , but also acts as a necessary role in the maintenance of root growth during water stress [12] . In this study, based on previous studies on the ABA in the leaves of Populus euphratica, the The relative expression of miR-n30 with the predicted target CCG016991.4 (Potri.004G211300); (B) the relative expression of miR-n68 with the predicted target CCG007861.1 (Potri.009G090700); (C) the relative expression of miR-n77 with the predicted targets CCG005850.1 (Potri.005G225600) and CCG005824.1 (Potri.005G171700); (D) the relative expression of miR390-5p with the predicted target CCG032751.1 (Potri.010G176000); (E) the relative expression of miR394-5p with the predicted targets CCG020711.1 (Potri.001G057100) and CCG031525.1 (Potri.003G171300); (F) The relative expression of miR395a with the predicted targets CCG011548.1 (Potri.008G159000), CCG020136.1 (Potri.012G001400) and CCG023238.1 (Potri.007G108900); (G) the relative expression of miR408-3p with the predicted targets CCG014118.1 (Potri.002G188000) and CCG020058.1 (Potri.014G049600); (H) the relative expression of miR477b with the predicted targets CCG012541.1 (Potri.012G093900) and CCG030622.1 (Potri.015G091200); and (I) the relative expression of miR530b with the predicted targets miR530b CCG010807.1 (Potri.014G099700) and CCG024399.1 (Potri.010G076700).
Small RNAs, including miRNAs, are key regulators in different biological processes, such as plant growth, development, metabolic pathways, biotic stress, and abiotic stress [55] . It is well documented that miRNAs orchestrate different abiotic stress responses, including drought [36] , cold [38] , salt [37] , and ABA [39] in poplar trees by high-throughput sequencing. ABA, as a stress response phytohormone, plays a vital role in the regulation of abiotic stresses, and much of the abiotic stresses can be mimicked by external application of ABA [56, 57] . In addition, ABA can not only be synthesized in the root [10] , but also acts as a necessary role in the maintenance of root growth during water stress [12] . In this study, based on previous studies on the ABA in the leaves of Populus euphratica, the physiological data analysis showed that the photosynthetic rate, stomatal conductance, and transpiration rate were significantly changed after one day of ABA treatment, and moderately recovered after four days of ABA treatment [39] . The roots and stems of P. euphratica were collected for this study. Many forms of differential expression of miRNAs in the root were identified following ABA (Figure 7) . Furthermore, based on the ABA responsive miRNAs in the roots of P. euphratica, ABA regulated root growth and development through miRNA-mediated pathways were discussed regarding the following aspects (Figure 10 ). physiological data analysis showed that the photosynthetic rate, stomatal conductance, and transpiration rate were significantly changed after one day of ABA treatment, and moderately recovered after four days of ABA treatment [39] . The roots and stems of P. euphratica were collected for this study. Many forms of differential expression of miRNAs in the root were identified following ABA (Figure 7) . Furthermore, based on the ABA responsive miRNAs in the roots of P. euphratica, ABA regulated root growth and development through miRNA-mediated pathways were discussed regarding the following aspects ( Figure 10) . Figure 10 . A new model of ABA regulation of root growth through miRNA-mediated pathways. The arrow indicates positive regulation. The inverted "T" denotes the interactions among miRNA-target genes predicted and investigated in this study; the "arrows" mean "involved in". RGL1: repressor of GA1-like (Potri.012G093900); BAK1: BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1-RELATED (Potri.009G090700.1); HD-ZIP III: Class III Homeodomain Leucine Zipper (Potri.004G211300); FBX: F-box protein (Potri.001G057100); bHLH: basic helix-loop-helix protein (Potri.014G099700); SAP1: A20/AN1 zinc-finger containing stress-associated protein 1 (Potri.010G076700).
peu-miRNA477 Involved in the Crosstalk between ABA and GA in Root Growth
peu-miRNA477, which targets RGL1 (repressor of GA1-like, Potri.012G093900), which was confirmed by the degradome sequence, was one of the gibberellin negative regulatory factors (Table  S8 ) [49] . The rgl1 mutant plant became dwarfed in shoots, whereas it increased lateral root growth significantly, and also altered gibberellin and metabolite profiles in Populus [58] . With the expression level of peu-miRNA477a-5p increased in the stems ( Figure 5 , Table S3 ) and roots ( Figure 7 , Table S4 ) after the treatment of ABA, it acted as a negative regulatory factor and reduced the expression level of RGL (Figure 9) , and then repressed shoot growth, whereas it promoted root growth in P. euphratica. Thus, it can be speculated that ABA repressed shoot growth and promoted root growth through a new pathway of repression of GA-induced elongation by miRNA477a-5p.
peu-miR-n68 Involved in the Crosstalk between ABA and BR in Root Growth
peu-miR-n68, a novel miRNA found in P. euphratica, which targets Potri.009G090700.1 (BAK1, BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1-RELATED) as predicted by Targetfinder (Table S7 ), was decreased after 1 day of ABA treatment, and then recovered to its normal levels after 4 days of ABA treatment ( Figure 7) . As we know, brassinosteroid (BR) signaling is essential for plant growth and development. A model of BRASSINOSTEROID INSENSITIVE1-mediated signaling in root growth has been established by a computational approach which predicts root growth solely on the basis of BRI1 receptor activity. The model faithfully predicts root growth, as has been observed in bri1 loss-of-function mutants [59] . BRI1-mediated signaling The arrow indicates positive regulation. The inverted "T" denotes the interactions among miRNA-target genes predicted and investigated in this study; the "arrows" mean "involved in". RGL1: repressor of GA1-like (Potri.012G093900); BAK1: BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1-RELATED (Potri.009G090700.1); HD-ZIP III: Class III Homeodomain Leucine Zipper (Potri.004G211300); FBX: F-box protein (Potri.001G057100); bHLH: basic helix-loop-helix protein (Potri.014G099700); SAP1: A20/AN1 zinc-finger containing stress-associated protein 1 (Potri.010G076700).
3.1. peu-miRNA477 Involved in the Crosstalk between ABA and GA in Root Growth peu-miRNA477, which targets RGL1 (repressor of GA1-like, Potri.012G093900), which was confirmed by the degradome sequence, was one of the gibberellin negative regulatory factors (Table S8 ) [49] . The rgl1 mutant plant became dwarfed in shoots, whereas it increased lateral root growth significantly, and also altered gibberellin and metabolite profiles in Populus [58] . With the expression level of peu-miRNA477a-5p increased in the stems ( Figure 5 , Table S3 ) and roots ( Figure 7 , Table S4 ) after the treatment of ABA, it acted as a negative regulatory factor and reduced the expression level of RGL (Figure 9 ), and then repressed shoot growth, whereas it promoted root growth in P. euphratica. Thus, it can be speculated that ABA repressed shoot growth and promoted root growth through a new pathway of repression of GA-induced elongation by miRNA477a-5p.
peu-miR-n68, a novel miRNA found in P. euphratica, which targets Potri.009G090700.1 (BAK1, BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1-RELATED) as predicted by Targetfinder (Table S7 ), was decreased after 1 day of ABA treatment, and then recovered to its normal levels after 4 days of ABA treatment ( Figure 7) . As we know, brassinosteroid (BR) signaling is essential for plant growth and development. A model of BRASSINOSTEROID INSENSITIVE1-mediated signaling in root growth has been established by a computational approach which predicts root growth solely on the basis of BRI1 receptor activity. The model faithfully predicts root growth, as has been observed in bri1 loss-of-function mutants [59] . BRI1-mediated signaling regulates normal cell cycle progression of root meristematic cells [60] . In Solanum pimpinellifolium, BRASSINOSTEROID INSENSITIVE1 is required for systemin-induced root elongation [61] . Biochemical interaction between BAK1 and BRL1/BRL3 (brassinosteroid insensitive1-like) is required for BR-mediated root growth [52] . Thus, with the decreased expression of peu-miR-n68 following ABA treatment in the roots of P. euphratica ( Figure 7, Table S4 ), the expression of BAK1 was induced (Figure 9 ) and then promoted root growth.
peu-miR-n30-Mediated Target Genes Involved in RAM Activity in Root Growth
peu-miR-n30, a novel miRNA found in P. euphratica which targets HD-ZIP IIIs (Potri.004G211300) as predicted by Targetfinder (Table S7 ), was increased after 1 day of ABA treatment, and then recovered to its normal levels after 4 days of ABA treatment (Figure 7) . A previous study showed that overexpression of miR166/165 promotes the activity of root apical meristems (RAM), while its target HD-ZIP IIIs confers reduced RAM activity [62] . HD-ZIP III factors also appeared to determine both root growth rate and meristem size. Overexpression of HD-ZIP IIIs leads to short roots and small root apical meristems, while mutants have long roots and large apical meristems [63] . In our study, the expression of peu-miR166 was also increased after ABA treatment, but not significantly. Thus, with the increased expression of peu-miR-n30 and peu-miR166 following ABA treatment in the roots of P. euphratica ( Figure 7 , Table S4 ), the expression of HD-ZIP IIIs was inhibited ( Figure 9 ) and then promoted root growth by enhancing meristematic activity.
peu-miR394-5p and peu-miR530b Mediated Stress-Related Genes Involved in Root Growth
Plant root growth and development is greatly affected by different abiotic stresses. When the external water supply is deficient, the root architecture will be significantly altered to improve its water absorption efficiency [64, 65] . The targeting of F-box protein genes (Potri.001G057100) by peu-miR394-5p was confirmed by the degradome sequence (Table S8) , and the same results were also found in Arabidopsis [66] . F-box proteins play important roles in abiotic stresses and have been reported to be differentially regulated by abiotic stresses [67] . In rice, overexpression of the F-box protein gene also reduced the sensitivity of ABA and abiotic stress tolerance while promoting root growth [68] . Thus, with the declined expression of peu-miR394-5p in the roots response to ABA in P. euphratica (Figure 7) , the target F-box protein genes were induced, which might confer abiotic stress tolerance. peu-miR530b, which increased first, and then declined, in the roots under ABA treatment (Figure 7 ), targeted the bHLH transcription factor (Potri.014G099700) ( Table S8 ). Overexpression of bHLH122 would improve the endogenous ABA content in cells and promote root growth [69] . In addition, A20/AN1 zinc-finger containing stress-associated proteins (SAP1/11, Potri.010G076700) was another predicted target gene of peu-miR530b (Table S8 ). Many studies have reported that SAP1/11 confers improved resistance to abiotic stresses in various plants. Overexpression of OsSAP1 in tobacco confers increased tolerance to abiotic stresses [70] . Enhanced tolerance to ABA and salt stress is regulated by OsSAP8 in Oryza sativa [71] . Therefore, peu-miR530b might participate in the response of ABA, as well as the tolerence of abiotic stresses mediated by bHLH or SAP1/11 in P. euphratica.
Above all, our functional analysis of these miRNAs and their targets revealed a new model for the ABA regulation of root growth through the miRNA-mediated pathway. In particular, it showed that ABA crosstalk with other phytohormones, such as gibberellic acid, brassinosteroid, and auxin, in the regulation of root growth and development through miRNA-mediated pathways. Our results support previous conclusions [6] . More evidence is needed to further support our results.
Materials and Methods
Plant Materials and ABA Treatment
One-year-old P. euphratica plantlets were acquired from the Xinjiang Uygur Autonomous Region of China, and three plants with similar heights were planted in individual 5 L pots containing loam soil and placed in a greenhouse at Beijing Forestry University. After natural growth from April to July, an aqueous solution with or without 300 µM ABA was used to water the P. euphratica plants. For the treated groups, 1 L 300 µM ABA solutions were irrigated, and pure water, instead of ABA solution, was applied as the control group. Each treatment group had three individual pots as biological replicates. Stems collected one day after ABA treatment were defined as the short-term ABA treatment group (SS). Those collected four days after ABA treatment were defined as the long-term ABA treatment group (LS), and the control group (CS). Root tissues were also collected at the same time, and were named as SR, LR, and CR, respectively. All the samples in this study were collected at the same time during the day. To reduce error, three independent biological replicates were used for each stage. All of the samples were immediately frozen in liquid nitrogen and stored at -80 • C until use.
High-Throughput Sequencing of Small RNA
Total RNA was extracted from 18 samples of CS, SS, LS, CR, SR, and LR using the CTAB method [72, 73] . RNA quality and quantity was examined using an Agilent 2100 Bioanalyzer with the RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA, USA). Sequencing libraries were generated using NEBNext ® Multiplex Small RNA Library Prep Set for Illumina ® (NEB, Ipswich, MA, USA) according to the manufacturer's specifications. Then, Illumina HiSeq technology was used for high-throughput sequencing (Illumina, San Diego, CA, USA).
Sequencing Data Analysis for miRNA Identification and Annotation
Low-quality reads were removed from raw sequencing data, and 10-30 nt sRNAs were filtered without more than 10 nt single nucleotide repeats, or 5 adapter contaminants, or more than 10% poly N, or with a 3 adapter on the insert tag. Then, bowtie (http://sourceforge.net/projects/bowtiebio/ files/) was used to map the clean sequencing reads to the genome of P. euphratica [40] without any mismatch. All mapped sRNAs which were previously discovered and registered in miRBase (Release 21 http://www.mirbase.org/) by the BlastN algorithm with both mature and hairpin without any mismatches in P. trichocarpa were annotated as known miRNAs. The remaining reads, which can be mapped to GenBank (http://www.ncbi.nlm.nih.gov/genbank/) and Rfam (11.0 release, http: //rfam.xfam.org/) database, were annotated as noncoding RNAs (i.e., rRNAs, tRNAs, snRNAs, scRNAs, and snoRNAs). Further, after removing the repeat-associated RNAs (Repbase v.18.07, http: //www.girinst.org/) and nat-siRNAs (P. trichocarpa in PlantNATsDB, http://bis.zju.edu.cn/pnatdb/), miREvo and miRdeep2 were utilized to predict novel miRNAs; all novel miRNAs candidates had to meet the following criteria: (i) both the miRNA and miRNA* (miRNA complementary sequence) were covered by sRNA-sequencing reads; and (ii) in cases without miRNA*, candidate miRNAs had to be identified in multiple and independent libraries [74, 75] . The secondary structure, the minimal folding free energies (MFE) and the minimal folding free energies index (MFEI) were also analyzed as described previously [74, 76] .
Differential Expression Analysis of miRNAs Response to ABA in the Roots and Stems
To analyze the differential expression of miRNA, miRNA expression was normalized to calculate the expression of transcripts per million (TPM) in each library. Differentially expressed known and novel miRNAs were compared using the "DEGseq2" library in R statistical software among different samples from the stems and roots [77] . The fold-changes and p-values were calculated from the normalized expression. Significantly differential expression was defined as |log 2 ratio| ≥ 1 and an adjusted p-value ≤ 0.05 [78] . Transcripts per million (TPM) was defined as normalized expression = (number of miRNA reads/total number of clean reads) × 1,000,000 [79] . The heat maps of expression profiles were analyzed with Genesis software (http://genome.tugraz.at/) with a hierarchical clustering method based on the TPM Log 2 FoldChange of miRNAs [80] .
RT-qPCR Validation
To confirm the results of high-throughput sequencing, six miRNAs, including three novel miRNAs and three conserved miRNAs, were randomly selected for RT-qPCR for each comparison. The CTAB method was used to extract RNAs from each sample [72, 73] . Mature miRNA reverse transcription was performed by using the miRNA First-Strand cDNA Synthesis Kit (Aidlab Biotechnologies, Beijing, China). A miRNA Real-Time PCR assay kit (Aidlab Biotechnologies, Beijing, China) was used for the RT-qPCR analysis. Briefly, 20 µL reaction volume with 0.5 µL cDNA, 0.4 µM of each primer, 10.0 µL of 2× miRNA qPCR Mix, and 8.7 µL ddH 2 O was mixed in 96-well plates with a StepOne Plus PCR System (Applied Biosystems, Foster City, CA, USA) under the following default cycling conditions (40 cycles of 95 • C for 10 s, 60 • C for 20 s, and 72 • C for 30 s). All of the reactions were performed in triplicate. peu-5.8s rRNA was used as an internal control for miRNA [81] . To further confirm the relationships between miRNAs and their target genes, UBQ was used as an internal control for target genes, and the 2 -∆∆CT method was adopted to calculate the relative expression of RT-qPCR [82] . All the primers used in this study are listed in Table S1 .
MiRNAs Targets Prediction by TargetFinder and Degradome Sequencing
TargetFinder (http://targetfinder.org/) was used to predict the target genes of miRNAs [83, 84] . A penalty score criterion was used according to the alignment between each miRNA and its potential target as follows: (1) G:U mismatch penalty, 0.5 points; (2) other mismatch penalty, 0.5 points; and (3) if the above two cases occurred at the 2nd to 13th bases, double the penalty was given. A score of four points was used as the screening criteria.
In order to obtain as much degradome data as possible, a mixed sample containing equal amounts of total RNAs from each of the 18 samples was used for degradome sequencing using the PARE protocol [85] with the following steps: (1) the biotinylated random primers were mixed with the RNA sample; (2) RNA fragments containing biotin random primers were captured by magnetic beads; (3) 5 -adapters were attached to the RNA fragments; (4) cDNA libraries were obtained by reverse transcription; and (5) PCR amplification was performed and the libraries were established. Then, degradome sequencing was performed with an Illumina Hiseq 2500. Fastx-Toolkit to remove the adapters and low-quality nucleotide reads from the raw sequencing data. The remaining clean reads were further analyzed by Cleaveland Pipeline 2.0 software with default parameters [48, 86] . The genome of P. euphratica [40] was used as a reference genome for mapping the sequencing reads. The National Center for Biotechnology Information (NCBI) database and PopGenIE (http://popgenie.org/) were also used to predict functions of the target genes of miRNAs.
Further, the following criteria were used to divide the cleaved target transcripts into five categories: (1) the abundance of raw reads at the cleavage site is the maximum on the transcript and there is only one maximum; (2) the abundance of raw reads at the cleavage site is the maximum on the transcript and there is more than one maximum; (3) the abundance of reads at the cleavage site is not the maximum, but is equal to or higher than the median for the transcript; (4) the abundance of reads at the cleavage site is less than the median for the transcript; and (5) the abundance of reads at the cleavage site has only one match with the transcript.
Accession Number
The sequenced data from the roots and stems of Populus euphratica obtained in this work have been submitted to the Gene Expression Omnibus (GEO) database of the NCBI, and the accession number is GSE107823. The leaves' data were obtained from the Sequence Read Archive, and the accession number is SRP077948 [39] .
Conclusions
We constructed eighteen high quality sRNA libraries based on P. euphratica stems and roots for high-throughput sequencing. In total, 255 unique mature sequences which contained 154 known miRNA and 101 novel miRNAs were identified. There were 191 miRNAs, including 109 known miRNAs and 82 novel miRNAs with differential expression between the leaves, roots and stem. There were 54 miRNA responses to ABA in the stems, including 32 known miRNA and 22 novel miRNAs, and a total of 33 miRNA responses to ABA in the roots, with 17 known miRNA and 16 novel miRNAs. In addition, 3970 target genes were predicted by Targetfinder, and 447 target genes from 15 million degradome sequences were obtained. Furthermore, our genome-wide analysis of these miRNAs and their targets revealed a new model of ABA regulation of root growth through a miRNA-mediated pathway. This pathway features peu-miR-n68, and peu-miR477a-5p which are involved in the crosstalk between ABA and other phytohormones. Above all, our results provide new insight into the mechanisms of ABA's involvement in root growth through miRNA-mediated pathways. 
